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The universality of free fall, the weak equivalence principle (WEP), is a cornerstone of the general 
theory of relativity, the most precise theory of gravity confirmed in all experiments up to date. 
The WEP states the equivalence of the inertial, m, and gravitational, mg, masses and was tested in 
numerous occasions with normal matter at relatively low energies. However, there is no confirmation 
for the matter and antimatter at high energies. For the antimatter the situation is even less clear 
- current direct observations of trapped antihydrogen suggest the limits —65 < mg/m < 110 not 
excluding the so-called antigravity phenomenon, i.e. repulsion of the antimatter by Earth. Here 
we demonstrate an indirect bound 0.96 < mg/m < 1.04 on the gravitational mass of relativistic 
electrons and positrons coming from the absence of the vacuum Cherenkov radiation at the Large 
Electron-Positron Collider (LEP) and stability of photons at the Tevatron collider in presence of 
the annual variations of the solar gravitational potential. Our result clearly rules out the speculated 
antigravity. By considering the absolute potential of the Local Supercluster (LS), we also predict 
the bounds 1 — 4 x 10“^ < mg/m < 1 -1- 2 x 10“^ for an electron and positron. Finally, we comment 
on a possibility of performing complementary tests at the future International Linear Collider (ILC) 
and Compact Linear Collider (CLIC). 


Introduction .— Since the formulation of the general 
relativity (GR) by Einstein in 1915-16 [I112] there were 
numerous tests confirming validity of the theory with an 
exceptional precision [3]. The weak equivalence princi¬ 
ple (WEP), postulating the universality of the free fall, 
or equivalence of the inertial and gravitational masses, 
was confirmed in torsion balance experiments @] at the 
2 X 10“^^ level for the normal matter. The idea of “anti¬ 
gravity” for an exotic matter seems to exist since the end 
of the XIX century [2, where it appeared together with 
the idea of antimatter. The modern, quantum, concept of 
antimatter begins with the theoretical paper of Dirac [6] 
in 1928 and experimental observation of antielectron 
(positron) by Anderson [7] in 1933. However, since then, 
there is no conclusion made about the gravitational in¬ 
teraction of antimatter [8j. The most precise direct ob¬ 
servation of cold-trapped antihydrogen [S] sets the limits 
on the ratio between the inertial m and gravitational mg 
masses of the antihydrogen, —65 < mg/m < 110, includ¬ 
ing systematic errors, at the 5% significance level [S] . At 
the same time, indirect limits have a long history and 
are much stricter (even though, most of them use addi¬ 
tional assumptions), see Review [10] for the arguments 
prior to 1991. At the moment, the most precise bounds 
on the difference between the gravitational masses of the 
matter and antimatter (to our knowledge) are obtained 
from the comparison of decay parameters of the 
system lU (1-8 X 10 ® level with gravitational poten¬ 
tial variations and 1.9 x 10“^^ with the LS potential) 
and from comparison of cyclotron frequencies m of the 
p — p system [13] (10“® level with LS potential). Equal¬ 
ity of the inertial masses for the considered (anti)particles 
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is supported by the CT^T-symmetry tested with a much 
higher precision El- These and other indirect limits are, 
however, not absolute, but relative (between particles 
and antiparticles) and for relatively low energies. There 
is, therefore, no guarantee that, e.g., the strange matter 
(kaons) at any energies, or normal matter and antimatter 
at high energies (several GeV and higher) will obey WEP. 
These limits also do not restrict certain WEP violation 
models, such as the “isotropic parachute model” m- 

Even though astrophysical tests of the Lorentz invari¬ 
ance [HHHI can be, perhaps, used for the precise tests 
of the WEP (mainly for electrons and protons), they rely 
on certain models describing the high-energy sources and 
their dynamics. It is, therefore, desirable to obtain simi¬ 
lar or better constrains in a well-controlled experimental 
setup. 

In this paper, we constrain possible deviations from 
WEP for ultrarelativistic electrons and positrons based 
on the absence of the vacuum Cherenkov radiation from 
104.5 GeV electrons and positrons at the LEP at CERN, 
and on the absence of the photon decays for 340.5 GeV 
photons at the Tevatron accelerator at Fermilab. It is 
known that the large Lorentz y-factor for the ultrarel¬ 
ativistic particles reveals certain gravity and Lorentz- 
violating effects [5DH52|, and suppresses the ordinary 
electromagnetic interaction |23j otherwise overwhelming 
gravitational forces |24|- This nontrivial fact makes ac¬ 
celerator experiments suitable for the gravitational stud¬ 
ies. In addition, continuous collection of the accelerator 
data makes it possible to study changes in the observ¬ 
ables (or exclusion regions in the parameter space) rela¬ 
tive to the periodic variations of the astrophysical poten¬ 
tials. This gives one an opportunity to avoid assumptions 
on the absolute values of the gravitational potentials m- 
An additional advantage of the vacuum Cherenkov radia¬ 
tion for the positron (electron) is its independence of the 
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gravitational properties of the electron (positron). We 
also choose the electron and positron for our studies be¬ 
cause of the absence of an additional internal structure 
or flavor composition, avoiding possible speculations on, 
e.g., undiscovered “strange”, “isotopic” or “hypercharge” 
forces [25l[26] , 

Dispersion relations. — Let us begin with a description 
of the gravity effects on the high-energy processes. Grav¬ 
itational held of the Earth (Sun or other distant massive 
celestial objects) around the accelerator can be consid¬ 
ered homogeneous and described by an isotropic metric 
for a static weak held, 


Using this action, one can easily obtain the coordinate 
momentum p and the Hamiltonian (energy) £, 


P = 


mV. 


-3 


1 - 


E = 


mTir 


1 - 


( 6 ) 


The modified coordinate dispersion relations for the pho¬ 
ton and a massive particle is given then by 


ds^ = — T-L '^{dx^ + dy^-\-dz^), ( 1 ) 

where V? = 1-1- 2$, and <i) is the gravitational po¬ 
tential, defining the acceleration of free-falling bodies, 
a = —V<i)(x), taken at the Earth’s surface [50j. Here 
and after we work in natural units, c = h = \. We as¬ 
sume that the metric Q results from a nonrelativistic 
distribution of normal matter (which is true in the cases 
considered below), for which the WEP holds with a high 
precision. Therefore, there is no difference between the 
inertial and gravitational masses appearing in Eq. Q. 

For a massive probe relativistic particle or antiparticle 
of inertial mass m and gravitational mass mg (assuming 
one does not know if they are equal a priori), we can 
write the gravitational potential as 

$^ = $ ^, nl = i + 2^m- ( 2 ) 

m 

This gravitational potential does not appear as a solu¬ 
tion to Einstein’s equations, but is a way of generalizing 
the gravitational coupling of the probe massive particles 
to the background which reproduces the Newton’s grav¬ 
itational law and its relativistic extension m- Particles 
participating in high-energy experiments considered be¬ 
low can be treated as probe particles due to their negligi¬ 
ble masses and energies, comparing to the ones of the as- 
trophysical objects creating the background Q . We also 
do not have a goal of suggesting an alternative action- 
based theory of gravity, e.g., to take into account the 
backreaction of the antimatter, since this is not needed 
with the assumptions made in the paper. 

Let us consider a photon with coordinate 4-momentum 
= (w,k), and a massive ultrarelativistic particle with 
coordinate 4-momentum = (£, p) and mass m ^ £. 
The metric Q modifies the coordinate speed of light, 

Vj = \dx/dt\ = , ( 3 ) 

which can be obtained from the null geodesics, ds^ = 0, 
defining the photon’s trajectory. For a massive probe 
particle moving with the coordinate speed Vm; the line 
element can be rewritten then as 

ds^ = nl{i-n-^vl)dt\ (4) 

and the relativistic action takes the form 

S = - J mds = - J m'Hrn\l^ -'Hm^'v'^dt. ( 5 ) 


where k = |k|, p = |p| and we use |$| instead of —4) 
for the convenience (since potentials of massive bodies 
are usually taken negative in a coordinate system with 
the origin in the center of these bodies). The physical 
expressions can be obtained from the coordinate ones by 
rescaling, v = k = Vk, oj = 'H~^Cj.p = Hp, 

£ = 'H~^£, and absorbing the % factors in y into the 
definitions of the coordinates. We also assume that there 
is no modification of the physical speed of light within 
the considered accuracy [iiniiiH]. Finally, the physical 
momenta of the photon and the massive particle take the 
form 

. = ( 8 ) 

where Am = mg — m, and we treat k = 2|4>|Am/m as a 
small parameter. Physically, the obtained expressions 
demonstrate an anomalous redshift the massive parti¬ 
cle would get if WEP was violated. This form of the 
dispersion relations is similar to the ones used in the 
phenomenology and tests of the quantum gravity and 
Lorentz violation [22l[28l - l^ . For instance, the dispersion 
relations (|^ can be obtained from the minimal Lorentz- 
violating Standard Model Extension (SME) [53] with pa¬ 
rameters Coo = 3cii = 3 k/ 4 (no summation by i) and 
other parameters set to zero. With the assumption of 
universality of the speed of light, this is a reasonable ap¬ 
proximation as soon as |k| > 10“^^, which corresponds 
to the upper boundary on the next dominating SME 
parameter m- Therefore, one can use known tests of 
the Lorentz-violation (e.g., vacuum Cherenkov radiation, 
photon decay, synchrotron losses and others) to obtain 
limits on the parameter k and, hence, the difference be¬ 
tween the gravitational and inertial masses. One of such 
tests is presented in details in Refs. I1S1I5D] ( our K can 
be treated as equivalent to their 4coo/3 — ktr)- 

Vacuum Cherenkov radiation. — On-shell emission of 
a photon by an electron or positron in the vacuum, so- 
called vacuum Cherenkov radiation, is normally forbid¬ 
den kinematically. However, in the presence of the non¬ 
trivial modification of the dispersion relation ([^ with 
K < 0, the energy-momentum conservation condition al¬ 
lows such a process in a certain range of the angles Oq, 
see Fig. [^a). In other words, the electron (positron) is 
allowed to move faster than light at a certain energy. The 
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(a) (b) 

FIG. 1: Left: vacuum Cherenkov radiation, ^ e ^7 (elec¬ 
tron or positron of energy £ emits a photon of energy uj 
with an angle between products 6c)- Right: photon decay, 
7 —>■ e^e“ (photon of energy ui emits an electron of energy 
£ and positron of energy oj — £ with an angle between them 
6d)- 


energy threshold fth and the emission rate Fc are given 
then by [32] 


^th — 


rUe 




Fc = am 


2 - £th)' 


253 


(9) 


where me is the inertial electron (positron) mass and a 
is the fine-structure constant. Due to the high emission 
rate, a particle above £th will be rapidly slowed down to 
the threshold energy through the photon radiation. For 
instance, the positrons at LEP at CERN, with the ener¬ 
gies £ = 104.5 GeV and the arbitrarily chosen threshold 
energy £th = 100 GeV would be decelerated to the sub¬ 
luminal speeds just within 1.2 cm of travel [29j (compare 
to, e.g., ^ 6 km distance between LEP accelerating RE 
systems |3S]). Since this was never observed, fth > 100 
GeV and k > k~ = —1.31 x 10“^^. A more rigorous 
analysis done in Ref. m shows that the energy loss due 
to the Gherenkov radiation at given threshold would be 
much larger than the one actually allowed by the mea¬ 
surements (the relative error on the energy determination 
for the majority of LEP 2 running is 1.2x 10“^ El])- This 
method has an advantage of not using a comparison be¬ 
tween properties of electron and positron (and thus ex¬ 
ploiting CT^T-invariance) but limiting the gravitational 
mass of the electron and positron directly. 

Vacuum photon decay. — As another standard text¬ 
book example, decay of a photon into an electron- 
positron pair [Fig. Bb)] is also forbidden kinematically, 
since cos On > 1 can be never satisfied. However, at k > 0 
it becomes possible. The threshold on the photon energy 
Wth and the decay rate F d are given by |2S1 |3TJ |33| 


Wth = 



Vd 




( 10 ) 

( 11 ) 


where we assumed for simplicity that the electron’s dis¬ 
persion relation is modified in the same way as positron’s, 
since there are no precise limits on the gravitational mass 
of the ultrarelativistic electron either. If the electron is 


assumed to obey WEP and hold the standard dispersion 
relation, then the values (10 11 ) will be slightly mod¬ 
ified (e.g., Wth will change by a factor v^). Following 
Refs. [29l [30|, we consider isolated photon production 
with an associated jet, pp —t 7 -I-jet -I- X, as measured by 
the DO detector [32] at Fermilab Tevatron collider at the 
center-of-mass energy i/s = 1.96 TeV. The photons up to 
energies 340.5 GeV were observed [35] and we conserva¬ 
tively take the lower bound, 300 GeV, of the considered 
340.5 GeV bin. The possible photon decay process is very 
efficient and leads to a fast energy loss. As an example, 
300 GeV photons with an energy 1% above threshold 
would decay after traveling an average distance of only 
0.1 mm (for comparison, the photons should travel a min¬ 
imal distance of 78 cm in order to be measured by the 
central calorimeter of the DO detector my As shown 
in Ref. [30], the hypothetical photon decay at 300 GeV 
would lead to the deficit in the photon flux much larger 
than the one allowed by the difference between the QCD 
predictions and experimental data [3S] . This leads to the 
right bound At < = 5.80 x lO”^^ Possible modifica¬ 

tion of ( 10 ) discussed above could be considered as mak¬ 
ing the bound less precise. However, isolated photons 
with energies up to 1 TeV were observed in ^/s = 7 TeV 
pp-collisions at the Large Hadron Collider [33] (LHC) at 
CERN. The photon flux there is well described by the¬ 
oretical predictions |44j . making our bound even more 
conservative. 

Results. — Using the thresholds from the previous 
sections, we impose the limits on the deviation Amg of 
the positron’s (electron’s) gravitational mass mg^g from 
the inertial mass mg, 


rUg Amg TOg 

^ mg ■ 


( 12 ) 


As a consequence of the deviation from the equivalence 
principle, the absolute values of the gravitational poten¬ 
tials start playing a role. The total potential can be 
written as 


-l- 4 >q -|- 4>mw + + 4*0 + G, (13) 

i.e. a sum of the gravitational potentials of the Earth, 
Moon, Sun, Milky Way, rest of the Local Supercluster, 
rest of the Universe and a constant C (assuming it being 
small, so the Newtonian limit can be applied), respec¬ 
tively. The largest known contribution at the surface 
of the Earth is the potential of the Local Supercluster 
with |<i)gc| ~ 3 X 10“3 (compare to the Earth’s |<i) 0 | = 
GMe/R® = 7 X IQ-io and Sun’s [$©1 = 9.9 x IQ-^O). 
Taking this value of the potential, we obtain the numer¬ 
ical limits on the gravitational mass, 

1 - 4 X 10"^ < mg^g/mg < 1 -b 2 x 10"'^, (14) 

supporting the WEP for the antimatter. Taken that the 
current estimates on the minimal range of the gravita¬ 
tional forces is about 100 Mpc, see Ref. [36], one can im¬ 
prove our estimates by taking into account gravitational 
potentials from larger or more distant mass distributions. 
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The potential problem is the values of $u and C. If all 
the matter in the Universe contributes to the total po¬ 
tential in the same way as the observable matter, it can 
increase the value of |$| used for the estimates in (12) 


and make our bounds stronger. However, the value of C 
depends on the current or future cosmological model and 
is not known a priori. If it contributes with an oppo¬ 
site sign and reduces the given potential value by one or 
several order of magnitude, then our estimates may not 
be correct. This would, however, introduce a hne-tuning, 
meaning our Galaxy and surrounding neighborhood have 
a privileged position in the Universe, such that the con¬ 
stant C defined by large scale structures in the Universe 
cancels out the effect of the Local Supercluster [37j. Fi¬ 
nally, if C changes the sign of the given potential without 
reducing the absolute value, it will only change the orders 
of the two-sided bound (12). 


In order to avoid the problem of using the absolute 
potentials ( |l^ , one can consider periodic (daily, monthly, 
annual etcl) variations of the astrophysical potentials 
while the experiments are performed. Taking the two- 
sided bound K~ < K < for two potentials, $ and 
4) -f A4> (e.g. both the vacuum Cherenkov radiation and 
photon decay were absent during the experiment), one 
can easily deduce 


K — < 2A4> 


Amp 


me 


< K — K 


(15) 


Leading contribution to the variation of the total poten¬ 
tial (131 within a few months time is given by 


A$ = 


O' 


^dsE 

dsE 


(16) 


where AdsE is the variation of the distance between Sun 
and Earth, dsE, due to the eccentricity of the Earth’s or¬ 
bit. Considering the time interval of the LEP 104.5 GeV 
operation in 2000 from the beginning of April until the 
shutdown on November 2nd [3D], one can estimate the 
maximal variation AdsE ~ 2.46 x 10“^AU, which can be 
obtained from, e.g., the NASA’s Jet Propulsion Labora¬ 
tory (JPL) solar system data [H]. This gives the maxi¬ 
mal variation of the potential, | A<I>| = 2.43 x 10“^°. Data 
from the DO detector at Tevatron [35] used for the pho¬ 
ton decay analysis [30] was collected for several years [43] 
covering the Earth-Sun distance changes related to the 
LEP data. Therefore, using (15) and the value of |A4)|, 
we obtain 



FIG. 2: Kinematics of the Compton scattering (a photon of 
energy ljq scatters off an electron or positron of energy £ and 
acquires energy cj). 


uncertainty to (14), which is reflected in the number of 


presented significant digits. 

Additional future prospects. — Complementary limits 
of a similar or higher precision can be obtained from the 
shift of the edge of the Compton spectrum in high-energy 
laser Compton scattering [2T] . The process is depicted in 
Fig-i and consists of a photon of energy ujq colliding 
with an electron (or positron) of energy £ ^ me under 
angle Oq and scattering off under angle 9 with respect to 
the resulting electron (positron). If the acquired energy 
of the photon uj is close to the maximal possible uj^ax 
(the Compton edge), then the scattering angle is small, 
0^1. If further loq <^ £, then the energy-momentum 
conservation condition with inserted modihed dispersion 
relations (1^ leads to an expression EHIISI] 


mz 


K = 


2£{uj-£) 


1 -I- a: -I- 



(18) 


where x = AEujq sin^ {9Ql2)lm'^ is a kinematic parameter 
defined by the experimental setup. If k = 0, i.e. there 
is no violation of WEP, then the nominal value of the 
Compton edge (at 0 = 0) is 


UJ 


(k=0) 

max 


£x 

1 -I- a: ' 


(19) 


If, however, there is a small deviation from the equiva¬ 
lence principle, the Compton edge will be shifted by a 
value Auj < UJmax, 


-^ < 0.0389, (17) 

me 

i.e. a 4% limit on the possible deviation. One may argue 
that the binning of the data (e.g. month-to-month) is 
required. However, taken that considered effects are so 
drastic, they would be readily visible on the initial stages 
of the data analysis. Total error, coming mainly from 
the precision at which the gravitational potentials are 
taken, gives up to 2% uncertainty to 0 and up to 35% 


^max 


£x 
1 -|- a; 


-|- Auj . 


( 20 ) 


Substituting the dehnition of Aw into (18) at 0 = 0, we 
obtain 


Aw 45^ 14) I Ame 

iOmax ml{l + x)'^ me 


( 21 ) 


To demonstrate the sensitivity of the process, let us con¬ 
sider a high energy e ~beam with £ = 250 GeV 
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planned to be initially generated at ILC [IS] . The Comp¬ 
ton scattering facilities at ILC will be operated for po- 
larimetry |3S| with a typical setup Wq = 2.33 eV (green 
laser), Oq ^ tt. The kinematic parameter is then given by 
X = 8.9. Assuming accuracy of the Compton edge mea¬ 
surement to be [45] Au}fu}max ^ 10“^, one can expect 
to be able to test the values |k| ^ 2 x 10“^^ and, hence, 
the ratio |Ame/TOe| ~ 3 x 10“® with the LS potential. 
Similar (slightly improved) sensitivity can be achieved at 
the planned upgrade of ILC to £ = 500 GeV {x = 17.8) 
and at CLIC [IS] with £ = 1.5 TeV {x = 53.5). 

If no annual deviation from the nominal Compton 
edge is found, this would predict that the difference be¬ 
tween gravitational and inertial masses of an electron (of 
positron) will be less than 0.1%. In analogy to Ref. pT] . 
if the Compton edge for an electron or positron is mea¬ 
sured in two experiments at its nominal position (19) 
within uncertainties Awi and Aw 2 , respectively, then 


Amp 


me 


< 


Au!i + Auj2 + x^ 


UJy) 


4£:2|a$| 


( 22 ) 


where, as before, A4> corresponds to the difference in 
gravitational potentials for the two experiments. As one 
can also see, the Compton scattering for a positron is 
independent from the gravitational mass of the electron 
and vice versa. 

Conclusions. — We demonstrated a high sensitivity of 
certain accelerator experiments to the possible violation 
of WEP for ultrarelativistic massive particles (electrons 
and positrons). Even though our limits (141 on the dif¬ 
ference between the gravitational and inertial mass of an 


electron (positron) are, perhaps, weaker than the ones 
which can be, probably, obtained from the astrophysi- 
cal observations [TMTU] , they do not rely on a particular 
astrophysical model and can be repeated in a well con¬ 
trolled experimental setup. In addition, the limits 0 
exploit the long duration of typical accelerator experi¬ 
ments, making it possible to produce results independent 
of the absolute values of the potentials. 


The bounds (14 171 can be significantly improved by 
considering synchrotron losses at LEP mm (I k\ < 
5 X 10“^® for electrons and positrons), 1 TeV photons at 
LHC [H] , 500 GeV electrons and positrons from ILG [3S] , 
1.5 TeV electrons and positrons from CLIG [15], and 
30 TeV photons at HESS [S] (k < 9 x lO"!®). This, 
however, may require a more elaborate analysis, involv¬ 
ing additional parameters of the Lorentz-violating Stan¬ 
dard Model Extension (SME) [55] once the limit on k 
approaches 10“^^, which is the upper boundary on the 
next dominating SME parameter [47]. For the nonrela- 
tivistic antimatter, one can use complementary bounds 
on the SME parameters coming from bound kinetic en¬ 
ergies of the nuclei [48] and direct spectroscopy [49] . 


Finally, we proposed laser Gompton scattering experi¬ 
ments at the future ILG and GLIG accelerators with es¬ 
timated sensitivity |k| ~ 10“^^ improving our limits (14 


171 by two orders of magnitude. 
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